The Afar Depression, Ethiopia, offers unique opportunities to study the transition from continental rifting to oceanic spreading because the process is occurring onland. Using traveltime tomography and data from a temporary seismic deployment, we describe the first regional study of uppermost mantle P-wave velocities (V Pn ). We find two separate low V Pn zones (as low as 7.2 km s −1 ) beneath regions of localized thinned crust in northern Afar, indicating the existence of high temperatures and, potentially, partial melt. The zones are beneath and off-axis from, contemporary crustal magma intrusions in active magmatic segments, the Dabbahu-Manda-Hararo and Erta'Ale segments. This suggests that these intrusions can be fed by off-axis delivery of melt in the uppermost mantle and that discrete areas of mantle upwelling and partial melting, thought to characterize segmentation of the uppermost mantle at seafloor spreading centres, are initiated during the final stages of break-up.
I N T RO D U C T I O N
In the basic model of continental rifting a region undergoes extension during which the crust and upper mantle are stretched and thinned (McKenzie 1978) . This results in the upwelling of hotter mantle material, causing partial melting, intrusion into the continental lithosphere and, eventually, the creation of new oceanic crust (e.g. Hayward & Ebinger 1996) . Early models of magmatism at plate-spreading centres assumed symmetric rifting about the rift axis (e.g. Buck & Su 1989) and observations suggested the presence of narrow zones of melt beneath the axis (Detrick et al. 1987; Macdonald & Fox 1988) .
The mantle response to lithospheric thinning and intrusion during continental break-up remains poorly understood. The Afar Depression, Ethiopia, offers a unique opportunity to address this problem because it subaerially exposes the transition from break-up to spreading. We describe the first regional study of uppermost mantle P-wave velocities (V Pn ) from a recent temporary seismic deployment in Afar (e.g. Belachew et al. 2011) . Low P-wave velocity zones indicate high temperatures and melt anomalies, placing constraints on the geometry of uppermost mantle upwelling during the transition from continental to oceanic rifting.
The Afar Depression, covering parts of Ethiopia, Djibouti and Eritrea (see Fig. 1 ), is a ∼300 km wide region that has developed during rifting between Africa and Arabia over ∼30 Myr (Wolfenden et al. 2005) . The centre of the rift-rift-rift triple junction between the Red Sea Rift, the Gulf of Aden Rift and the Main Ethiopian Rift (MER) is currently located around 11
• N 42
• E on the Ethiopian/Djibouti border (Fig. 1 ). Magmatic intrusion is playing an important role in accommodating strain during rifting in Ethiopia, evidenced by dyke intrusion episodes along an ∼80-km-long section of the Dabbahu-Manda-Hararo (DMH) segment of the Red Sea Rift since 2005 September (Wright et al. 2006 Grandin et al. 2010b) .
The depression exhibits some features of model rift zones including crustal thinning (45-15 km, e.g. Hammond et al. 2011a) and relatively low seismic velocities in the upper mantle with rapid changes in upper mantle velocities over short distances (50-100 km) reported beneath both the MER and the Afar Depression (Bastow et al. 2008) . Bastow & Keir (2011) argue that the thinning of the crust in northernmost Afar indicates the final stages of break-up, with stretching and thinning of the heavily intruded and weakened plate promoting decompression melting of the mantle. Afar has also been described as a nascent oceanic rift (e.g. Rowland et al. 2007 ) because individual rift segments have spatial and structural characteristics in common with slow-spreading mid-ocean ridges . The Dabbahu-Manda-Hararo (DMH) and Erta'Ale (EA) magmatic segments are labelled and highlighted. The locations of the seismic stations used in this study are also given. The seismic refraction profiles of Berckhemer et al. (1975) are indicated by the dashed red lines. MER is the Main Ethiopian Rift. (Hayward & Ebinger 1996) . The spreading rate in the Depression is also similar to slow-spreading ridges (6-20 mm yr −1 ; McClusky et al. 2010; Kogan et al. 2012) .
The theoretical description of P n is a refracted wave at the Moho and the first earthquake arrival at regional distances (∼100-1600 km). Therefore, P n tomographic studies can be used to study the physical characteristics of the Earth at the Moho and in the uppermost mantle (e.g. Bannister et al. 1991; Hearn & Ni 1994) . A global review found that continental settings have an average V Pn of 8.1 km s −1 (Christensen & Mooney 1995) , whereas mid-ocean ridges have V Pn as low as 7.2 km s −1 (e.g. Dunn et al. 2005) . These velocities provide constraints on changes in temperature, pressure and composition (e.g. Perry et al. 2006 ) and the spatial distribution of mantle upwelling and partial melt (e.g. Dunn et al. 2001) . Here, we use the tomographic inversion method of Seward et al. (2009) to determine the spatial variation in V Pn beneath the Afar Depression using relative P n arrival times between pairs of stations.
DATA S E L E C T I O N
Absolute P n first arrivals are picked from bandpass filtered (0.5-5.0 Hz) vertical component seismograms recorded at 50 samples/s on temporary SEIS-UK and IRIS-PASSCAL broad-band seismometer networks deployed in Afar between 2007 January and 2010 December ( Fig. 1 ; Belachew et al. 2011) . Data from regional earthquakes, at distances 200-1500 km from the stations (Fig. 2) , are used in this study. The selected minimum source-station distance of 200 km is the estimated minimum distance to ensure the waves are sampling the uppermost mantle. Controlled source and passive seismic experiments in the Afar Depression, where the crust is ∼15-30 km thick, indicate that a minimum source-station distance at which P n will be observed is 70-110 km (Makris & Ginzburg 1987) . On the western plateau flanks of the rift the crust is up to 45 km thick (e.g. Dugda et al. 2007; Hammond et al. 2011a ) producing an estimated minimum distance for P n observations of 200 km. At such distances in southern Afar, the rays used in this study are likely to be sampling below the velocity discontinuity described by Makris & Ginzburg (1987) at ∼40 km depth and not the Moho depth determined by these authors and Hammond et al. (2011a) . In northern Afar no significant velocity discontinuity below the Moho is observed by Makris & Ginzburg (1987) and at 200 km distance the observations provide information from diving waves at ∼30 km depth in the uppermost mantle (Makris & Ginzburg 1987) .
Crustal earthquakes with magnitudes ≥4.0 and with epicentres estimated using arrivals at a minimum of five stations with a maximum azimuthal gap of 230
• are chosen from the National Earthquake Information Center catalogue to ensure the epicentres are well determined. These selection criteria result in a total of 612 manually determined arrival times at 33 stations from 65 earthquakes. Fig. 2 shows the ray path coverage.
The relative arrival times between pairs of stations used in the tomographic inversion are limited to those at similar azimuths from the epicentre using
• .
This is comparable to the criteria used by Haines (1979) , where i,j is the source-station distance to station i or station j and i,j is at Birkbeck College, University of London on May 19, 2016
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P n T R AV E LT I M E T O M O G R A P H Y
In this study, we use the V Pn tomographic modelling method that is described in detail in Seward et al. (2009) . The method uses least-squares collocation (Moritz 1972 ) and relative arrival times at pairs of stations (Haines 1979) and forms a simple model of the form:
In eq. (1), M is the design matrix and contains a mathematical description of the deterministic part of the model; p contains the modelling parameters; is the vector of observations of traveltime differences between stations; and E is a combination of measurement uncertainties in the arrival times and the probabilistic component of the model for the mantle and crust. The inversion is performed as a normal weighted least squares inverse:
The result of eq. (2) isp, which is simply the average slowness. The residuals can then be calculated from the parameter estimate and the design matrix. The estimation of the slowness surface is derived from the residual vector as follows:
In eq. (4), s is a signal (see Moritz 1972) , r is the vector of residuals and C sl is the covariance between the signal-points and the observation. The form of matrix C sl is dependent on which signal is being calculated, e.g. mantle P-wave slowness or crustal delay. This method has advantages over parametrized gridded methods (e.g. Rawlinson et al. 2001 ) because:
(1) Prior knowledge and constraints on structural variability can be introduced. These parameters guide the model but do not place rigid constraints on the calculation and they can be overcome by the data (Seward et al. 2009 ).
(2) The inverse problem is always over determined because the average slowness is the only parameter to be determined. A limited number of suitable earthquakes are available for this study and therefore an inversion using a gridded method could be unstable.
(3) Explicit estimates for the uncertainties, combining both measurement and modelling uncertainties, can be made for any location, even those far from any discrete data.
The formation of C tot combines estimates of measurement errors in P n arrival times and of the correlation of the slowness between any two points in the crust or mantle (Seward et al. 2009 ). The measurement error is estimated as 0.25 s, based on a study of the analyst's ability to pick first arrival times (Stork 2007) . Mantle and crustal covariances are calculated using correlation distances defined for the crust and mantle. Previous studies (e.g. Bastow et al. 2008; Hammond et al. 2011b) have shown that the dominant wavelengths of features in the upper mantle are on the order of 100 km and checkerboard tests suggest a mantle correlation distance of 100 km is a good compromise between resolution and noise for features >100 km in wavelength (Fig. 3) . The correlation distance in the crust is estimated to be about 10 km because studies in Afar have shown that crustal thicknesses and velocities vary over such distances (e.g. Hammond et al. 2011a) . A 1.5 s maximum station delay term is also input to the model, to account for variations in crustal thickness and velocity structure below stations. This is estimated by applying Snell's law, assuming critical refraction of P n at the crust mantle boundary, an average crustal velocity of 6.25 km s −1 (Makris & Ginzburg 1987 ) and a change in crustal thickness of 5 km over 10 km laterally (Hammond et al. 2011a) .
Because our velocity model is calculated from relative arrival times, the influence of errors in earthquake hypocentres and origin times is minimized. Even so, estimates of the epicentre uncertainty are included in the model calculation. We use an estimated epicentre uncertainty of 15 km because errors of this magnitude are typically reported for global catalogues (e.g. Engdahl et al. 1998) . All the earthquakes are reported to occur <13 km deep in the crust and are therefore suitable for sampling the uppermost mantle.
The implemented criteria resulted in the use of 500 relative arrival times to compute the V Pn model and the calculation is performed as a weighted least-squares inversion. As described above, the output from the classical inversion process is a single parameter, the average slowness. However, using the methods of least squares collocation, the residuals from this inversion can then be used to estimate the stochastic components of the model. These estimates will be mathematical descriptions of the best estimates for the continuous surfaces that describe V Pn , crustal terms and, just as importantly, the uncertainties in these surfaces.
R E S U LT S

V Pn model for Afar, Ethiopia
The estimated V Pn model for the Afar region and the associated standard deviations are presented in Fig. 4 . The model is dominated by two very low-velocity zones, one with V Pn as low as 7.2 km s −1 , located beneath and to the west of the active DMH rift segment. The standard deviation is 0.2-0.3 km s −1 in the majority of this area. The other low V Pn area is located to the northwest of Erta'Ale volcano and has a velocity of 7.2 ± 0.4 km s −1 . The most recent tectonic activity in the area includes inferred dyke intrusions into the DMH segment (e.g. Grandin et al. 2010a; Belachew et al. 2011 ) and recent eruptions of Erta'Ale (e.g. Field et al. 2012) and Alu-Dalafilla (Pagli et al. 2012) volcanoes, both on the Erta'Ale segment. The lowvelocity zones cover an area broader than the mapped segments and extend over ∼100 km laterally.
At the edges of the two zones the velocity changes rapidly over ∼50 km to normal continental V Pn (defined by Christensen & Mooney (1995) as being 8.0-8.2 km s −1 ) and mostly normal continental V Pn are observed in the remainder of the region (within the errors in the model), see Fig. 4 . An exception to this general picture appears to be low V Pn (∼7.6 km s −1 ) on the flanks of the western plateau (beneath and south of stations BTIE and DERE, Fig. 4 ). This finding is in agreement with studies suggesting that hot partially molten material exists towards the edge of the rift (e.g. Keir et al. 2009; Guidarelli et al. 2011; Hammond et al. 2011a; Rychert et al. 2012) , although the estimated errors do not completely rule out velocities up to 8.0 km s −1 . For comparison with our V Pn results, Fig. 4 also illustrates the upper mantle velocities found by Makris & Ginzburg (1987) with these 2-D refraction models. Both studies find low velocities below active magmatic segments (profiles B5 and B6) and normal mantle velocities elsewhere in the region (profiles B3 and B4). At the northern end of profile B5 Makris & Ginzburg (1987) report P velocities of 7.8 km s −1 at depths ∼30 km. This is in agreement with the velocities reported here between the two low-velocity zones. The standard deviations in V Pn between the two low-velocity zones (0.3-0.4 km s −1 ) in this study suggest it is unlikely, but possible, that the two low V Pn areas are connected. It is also possible that the uppermost few km of the mantle are not sampled by the rays because the Moho shallows rapidly to the north in this area (Makris & Ginzburg 1987) . Therefore lower velocities than the 7.8 km s −1 reported could exist in shallowest few km of the mantle.
Nabro volcano, close to the Eritrean/Ethiopian border (13.37
• N, 41.70
• E), was active in 2011 but we report normal continental velocities (∼8.0 km s −1 ) below the volcano. This could be because there is poor crossing ray coverage in this area (Fig. 2) and the standard deviation in the estimated P n velocity is >±0.4 km s −1 (Fig. 4) ; or because the volcano is fed by a small (< 50 km wide) and distinct magmatic zone that is not resolved by the data (see Section 4.2).
Effect of model resolution on interpretation
Following the inversion, the tomographic model resolution is also tested to determine the results from certain configurations of lowvelocity zones in the uppermost mantle. We use input V Pn models with a normal continental V Pn (8.0 km s −1 ) background, and a slowness perturbation of ±0.015 s/km is used to produce low-velocity zones with V Pn as low as 7.1 km s −1 . The same input parameters and traveltime data are used as for the results in Fig. 4 . We have chosen to present the results of three synthetic models using lowvelocity zones at various locations and with various sizes (Fig. 5) . Fig. 5(c) best matches the data inversion and has 150-km-wide lowvelocity zones in the uppermost mantle beneath and offset from the DMH segment and EA segment (Fig. 4) . The first two models show 50-km-and 100-km-wide low-velocity zones (Figs 5a and b, respectively) placed directly below recent eruption sites (Dabbahu, Manda-Hararo, Erta'Ale and Nabro). However, as stated in the previous section, we are unable to properly resolve the smaller features (if they exist), particularly in the Nabro area where there is no ray coverage. In our subsequent interpretation of the results we discuss the features we are able resolve, with wavelengths >100 km and in areas with standard deviations in velocity of <0.5 km s −1 .
Station delays
Station delay terms are also estimated in the inversion. These terms reflect relative differences in crustal thicknesses and velocities between stations (Seward et al. 2009 ). As expected, Fig. 4 shows that stations on the plateaux in Ethiopia, where the crust is thickest, have positive station terms and stations with negative terms are situated in the rift where the crust has been found to be thin (e.g. Hammond et al. 2011a) .
D I S C U S S I O N
The pattern of low V Pn observed in this study help to constrain continent-to-ocean transition rift models. Such models predict that lithospheric thinning and mantle upwelling during rifting produce thermal anomalies, adiabatic decompression of the mantle and sometimes partial melting (McKenzie & Bickle 1988) .
The pattern of low V Pn zones reported here indicates that discrete areas of high temperatures, and likely partial melting, exist in the uppermost mantle beneath the Afar Depression. This provides new evidence that present day focussed magmatic crustal intrusions and active magmatism, reported by geophysical studies of the area (Grandin et al. 2010a; Guidarelli et al. 2011; Hammond et al. 2011a) , are fed by concurrent and distinct thermal anomalies in the uppermost mantle that are surrounded by higher velocity regions with P-wave velocities approaching those expected for the uppermost mantle in continental settings (7.8-8.0 km s −1 ). This observation is also consistent with mantle tomography results showing similar localized features ∼50 km in wavelength at shallow depths (∼75 km) in the upper mantle (Hammond et al. 2011b) . Similar findings have been reported by Wang et al. (2009) , who observe focussed upper mantle upwellings beneath the Gulf of California oblique rift, comparable in separation and size to the low V Pn zones observed in this study. In addition, Ligi et al. (2012) report that isolated areas of oceanic crust, separated by 50-100 km, developed in the Red Sea at the inception of seafloor spreading. These studies suggest that the segmentation is because of dynamic upwelling driven by melt buoyancy effects or the reduced density of depleted mantle and that it is influenced by structures pre-existing continental break-up. Ligi et al. (2012) argue that, in the Red Sea, the lower continental lithosphere was replaced by upwelling asthenosphere before the initiation of continental rupture. In this particular study, we cannot rule out that the low-velocity zones are caused by partial melt that is initially intruded into thinned continental lithosphere. Wang et al. (2009) also find some off-axis low velocities in the Gulf of California, as we do in this study. The low V Pn zones beneath Afar extend from directly below the magmatic segments (DMH and Erta'Ale) to up to 75 km laterally to one side (Fig. 4) , suggesting that crustal intrusions in Afar may originate from on-and off-axis melt in the uppermost mantle. At the western edge of the DMH low-velocity zone, below the flanks of the western plateau, the crust is >30 km thick and we find velocities around 7.6 km s −1 . Another possibility for these off-axis low velocities west of the DMH segment is that this signature is a remnant of earlier rifting and magmatic activity. A similar signature has also been observed in the results of previous crust and mantle studies (Guidarelli et al. 2011; Hammond et al. 2011a; Rychert et al. 2012) . Tesfaye et al. (2003) suggest the triple junction developed around 10 Ma at 10
• N 40-41
• E and the area has undergone successive rifting episodes since then with the triple junction moving ∼160 km northeast. Volcanism <3 Ma has been reported in the area where we find low velocities (11 • -12 • N, 40-41
• E; e.g. Lahitte et al. 2003) . Low P-wave velocities could be because of ongoing magmatism and partial melt in the uppermost mantle. This has previously been suggested as the explanation for low velocities (Keir et al. 2009 ) and hot material (Whaler & Hautot 2006) in the lower crust and upper mantle observed below the flanks of the western plateau.
Lithospheric thinning during the late stages of continental breakup promotes the formation of decompression melting that feeds dyke intrusions. Comparing our V Pn results with estimates of crustal thickness (Makris & Ginzburg 1987; Hammond et al. 2011a) , the lowest velocities are observed in distinct localized areas of Afar where the crust has been stretched and thinned to <25 km beneath and adjacent to active magmatic segments. This suggests that the delivery of melt to the uppermost mantle is coincident with lithospheric thinning and deeper mantle anomalies.
The spreading rate in Afar is similar to slow-spreading mid-ocean ridges (15-20 mm yr −1 , e.g. Kogan et al. 2012) . Slow-spreading mid-ocean ridge studies predict that melt flux is focused in the mantle and then delivered to a segment centre (e.g. Whitehead et al. 1984; Lin et al. 1990) and seismic experiments at the slowspreading Mid-Atlantic Ridge find low-velocity zones extending from the lower crust to the upper mantle that are consistent with high temperatures and the presence of melt (Canales et al. 2000; Dunn et al. 2005) . Surface and crustal observations in Afar have shown that the magmatic segments have structural and spatial characteristics in common with slow-spreading mid-ocean ridge segments (e.g. Hayward & Ebinger 1996) . For the first time, we report uppermost mantle velocities during continental break-up similar in character to the segmentation observed at slow-spreading mid-ocean ridges (e.g. Dunn et al. 2005 ) and the Gulf of California oblique rift (Wang et al. 2009 ).
Laboratory experiments suggest that changes in the uppermost mantle velocity of up to 6 per cent can be explained by thermal anomalies alone, without a need for partial melt (e.g. Sato et al. 1988) . Mantle anisotropy, caused by crystal alignment along strain axes, and melt geometry are also likely to affect traveltimes in the Afar region (e.g. Kendall 2000) . Previous shear-wave anisotropy studies of the MER and Afar show a fast direction parallel to the rift axis (Kendall et al. 2005; Keir et al. 2011) . Because the majority of regional earthquakes recorded by the temporary seismic deployments occur to the north and east of the network (only one earthquake occurred to the southwest, Fig. 2 ) it is not possible to make a measurement of anisotropy in this study.
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In this study reductions in V Pn of 12 per cent from normal P n velocities are observed but the amount of melt in the uppermost mantle is difficult to estimate. It is unlikely that anisotropy could fully explain the two dramatic low-velocity zones observed here because P n anisotropy studies report maximum amplitudes resulting in 7.5 per cent changes in velocity (e.g. Hearn 1996; Pei et al. 2007) . Through analytical experiments Hammond & Humphreys (2000) demonstrate a reduction in V Pn of at least 3.6 per cent in velocity per 1 per cent in partial melt, suggesting that partial melt of around 3 per cent could be present beneath the active segments in Afar.
CONCLUSION
This study is the first regional study of uppermost mantle velocities (V Pn ) in the Afar Depression, Ethiopia. Using traveltime tomographic inversion, we find two very low V Pn zones below and near to the active DMH and Erta'Ale magmatic rift segments. In these areas V Pn is as low as 7.2 ± 0.2 km s −1 , providing evidence that the present day crustal intrusions and surface activity are fed by localized and on-and off-axis areas of decompression melting in the uppermost mantle. These low V Pn zones coincide with areas of stretched and thinned crust, suggesting that decompression melting is caused by ongoing mechanical deformation of the plate, as well as removal of melt from the mantle. Our observations indicate that discrete zones of upwelling, thought to characterize segmentation of the uppermost mantle at ocean ridges, initiate during the late stages of continental rifting.
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